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Abstract
Caffeine has been extensively used to study intracellular Ca2q control and contraction-relaxation in cardiomyocytes. The
2q w 2qxeffects of caffeine on intracellular free Mg concentration, Mg , were studied in isolated adult rat ventricular myocytesi
w 2qxby fluorescent techniques using mag-fura-2. Basal Mg was 0.62"0.02 mM, ns54, in quiescent cells and 0.73"0.02i
w 2qxmM, ns23, in electrically-stimulated adult rat ventricular myocytes. Caffeine, 20 mM, significantly decreased Mg ini
 .  .both quiescent y0.17"0.01 mM and electrically-stimulated y0.16"0.01 mM adult ventricular myocytes. Ryanodine,
2q w 2qxa blocker for Ca -release channels of the sarcoplasmic reticulum, did not have any effect on basal Mg , 0.67"0.02i
w 2qxmM nor on caffeine-induced reduction in Mg , y0.16"0.01 mM in quiescent cardiomyocytes or electrically-stimu-i
lated cells; 0.74"0.03 mM and y0.11"0.03 mM, respectively. Ruthenium red, an inhibitor of mitochondrial Ca2q
w 2qx w 2qxuptake, also failed to alter basal Mg or caffeine-induced reduction in Mg , in either quiescent or electrically-stimu-i
w 2qxlated cells. The effects of caffeine on Mg may be important in considering the use of this drug to studyi
contractionrfunction studies in heart cells.
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1. Introduction
Methylxanthines, such as caffeine, have been ex-
tensively used as pharmacological tools to investigate
the control of Ca2q storage in heart cells. Caffeine
appears to activate release of Ca2q from sarcoplasmic
 . 2qreticulum SR by opening Ca -release channels and
to inhibit SR Ca2q uptake leading to an increase in
2q w xcytosolic Ca concentration 25,32,41 . Accord-
) Corresponding author. Fax: q1 604 8227897.
ingly, the accumulation of Ca2q in the SR is compro-
w xmised leading to impaired tension development 32 .
Caffeine has been a useful and widely used drug to
evaluate Ca2q storage pools in cardiomyocytes.
Although intracellular free Mg2q likely plays an
w ximportant role in cardiac function 6,17,19,24 , very
little is known about intracellular Mg2q regulation in
heart cells. What is clear is that intracellular free
2q w 2qx .Mg concentration, Mg , is regulated byi
w 2qxmechanisms separate from those which affect Ca i
w x36 . The evidence for this conclusion has been re-
w x 2qviewed elsewhere 6,12,30,36,37 . Intracellular Mg ,
on the other hand, has been shown to be involved in
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2q w xthe vasoconstrictive effects of intracellular Ca 6 .
Magnesium has been postulated to be a counteraction
to Ca2q providing a cation balance to Ca2q receptors
w x1 . Accordingly, caffeine may have important effects
w 2qxon Mg so that it was of interest to determine thei
w 2qxeffects of caffeine on Mg .i
The present study describes the effect of caffeine
w 2qxon Mg in isolated quiescent and electrically-i
w 2qxstimulated adult rat ventricular myocytes. Mg i
was determined with microfluorescence using the
fluorescent dye, mag-fura-2. Caffeine leads to a sig-
w 2qxnificant and reversible decrease in Mg . Thesei
may have important implications in interpreting the
effects of caffeine on intracellular Ca2q and cardiac
function.
2. Materials and methods
2.1. Materials
 .Dulbecco’s modified Eagle medium D-MEM ,
 .M199 medium Medium 199, powder, Earl’s salts ,
 .and fetal calf serum FCS were purchased from
GIBCO. Mag-fura-2rAM, and fura-2rAM, were ob-
 .tained from Molecular Probes Eugene, OR . All
other materials were from Sigma Chemical Co., St.
.  .Louis, MO , or Fisher Scientific Co Montreal, PQ .
2.2. Isolation of rat ˝entricular myocytes
The cell isolation technique was modified from
previously reported methods as detailed in Yu et al.
w x42 . Briefly the rat was anesthesized and given an
 .injection of heparin 2000 Urkg, i.p. 15 min prior to
sacrifice. The heart was excised and immediately
 .placed in cold-oxygenated 95% O r5% CO D-2 2
MEM, 15 mM Hepes buffer, penicillin G 100 Urml
and streptomycin 100 mgrml; nominally calcium
free. The heart was then perfused with a Langendorf
apparatus with D-MEM at 378C, pH 7.4, oxygenated
with 95% O r5% CO . The perfusion buffer was2 2
then changed to D-MEM-collagenase solution col-
lagenase 1 mgrml, type II, Worthington Biochemi-
.cals ; CaCl , 25 mM, for a total of 25–30 min. At 152
and 20 min, the calcium concentration in the MEM-
collagenase solution was brought up to 100 and
subsequently to 200 mM by adding CaCl from stock2
solutions. After perfusion with collagenase solution,
the ventricles were removed, cut open, and teased
apart with forceps and a scalpel so that individual
myocytes were released. The cell suspension was
then filtered through a 200 mM nylon mesh and
centrifuged at 600 rpm for 2 min. The pellet was
resuspended in D-MEM with 1% bovine serum albu-
min BSA, Boehringer-Mannheim, fraction V, fatty
..acid free and left to settle by gravity. This proce-
dure was repeated 3 times. After each sedimentation
the MEM-BSA buffer was changed in step-wise fash-
ion by increments in calcium concentrations, i.e. 200,
500 and 1000 mM. Finally the cells were suspended
in M199 containing BSA 1%, FBS 5% and were
plated on 22=22 mm glass cover slips thickness 0.2
.mm previously etched with concentrated nitric acid,
rinsed in distilled water and 70% ethanol, and pre-in-
cubated with laminin diluted in M199, 2 mgrcover
.slip for 30–40 min. The freshly isolated myocytes
were plated on laminin-coated cover slips and placed
in polystyrene tissue culture wells Corning, diameter
.35 mm . At room temperature the viable cells at-
tached to the slips within 20–30 min. The cells were
used 8–24 h following isolation.
2.3. Cytoplasmic Mg 2q and Ca2q measurements
Cover slips were mounted into a chamber, and the
attached cells were incubated with 5 mM mag-fura-
2rAM for determination of Mg2q concentration
w 2qx. 2qMg or 10 mM fura-2rAM for Ca concentra-
w 2qx.tion Ca in media for 30 min at 238C. Cells were
subsequently washed three times with buffered salt
 .solution containing in mM NaCl 145, KCl 4.0,
Na HPO 0.8, KH PO 0.1, MgCl 0.8, CaCl 1.8,2 4 2 4 2
glucose 5.5, and Hepes-Tris 20, at pH 7.4. Cells were
incubated for a further 30 min to allow for complete
de-esterification and washed once before measure-
ment of fluorescence according to previously de-
w xscribed methods 34,35 . Epifluorescence microscope
was used to monitor changes in the mag-fura-2 or
fura-2 fluorescence. Fluorescence was recorded at
0.5–1 s intervals using a dual-excitation wavelength
spectrofluorometer with excitation for mag-fura-2 at
335 and 385 nm and for fura-2 at 340 and 380 nm
and emission at 505 nm. All experiments were per-
w 2qx w 2qxformed at 378C. The free Mg and Ca werei i
calculated from the ratio of the fluorescence at the
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two excitation wavelengths as described previously
w x  .34 using dissociation constants K of 1.45 mMD
and 224 nM, for the mag-fura-2 fl Mg2q and fura-2 fl
Ca2q complexes, respectively. Caffeine did not alter
w xthe emission spectra of mag-fura-2 or fura-2 39,42 .
2.4. Statistical analysis
Results are expressed as means"S.E. and signifi-
cance was determined by multiple-comparison with
Tukey’s method and a probability of P-0.05 was
taken to be statistically significant.
3. Results
[ 2q]3.1. Basal Mg in quiescent and electrically-i
stimulated adult cardiomyocytes
w 2qxResting Mg was 0.62"0.02 mM, ns54, ini
 .quiescent adult rat ventricular myocytes Fig. 1 . The
w 2qxrange of Mg was within 0.25 to 0.76 mM,i
ns54. Earlier studies using differential cell perme-
 .ablization with digitonin cytosolic pool and Triton
 .X-100 mitochondrial pool plus bound to myofibrils
indicated that of the total Mg, 35 nmolrmg dry
 .weight, there is 21–25 nmolrmg 60% in the cy-
 .tosolic compartment, 10–15 35% in the mitochon-
drial compartment and the remainder 5–6% bound to
w xthe myofibrils 20 . Accordingly, the fraction of total
cytosolic Mg which is in the free Mg2q form is only
 .about 3% present data . Thus, relatively small
changes in the bound or compartmentalized magne-
sium may lead to rather large changes in free Mg2q
concentration.
In order to elicit cell contraction in the adult
ventricular myocytes, the myocytes were field-stimu-
lated with a platinum electrode at a frequency of 0.5
 .Hz, 1–5 V 1.2 threshold , and a duration of 5 ms
using a GRASS S11 dual output digital stimulator
 .Fig. 2 . Electrical stimulation of individual myocytes
at 0.5 Hzrs resulted in the expected Ca2q transient
w 2qxand Ca -induced contractions at each depolariza-i
 . w 2qxtion Fig. 2B . Intracellular Mg did not tran-
siently change with the voltage-mediated Ca2q incre-
ment or contraction of the ventricular myocyte but
w 2qxthe mean Mg during the stimulation was signifi-i
cantly higher than in quiescent cells, 0.73"0.02
 .mM, ns23 Fig. 2A .
[ 2q]3.2. Effect of caffeine on Mg in adult ˝entricu-i
lar myocytes
Figs. 1 and 2 summarize the effect of 20 mM
w 2qxcaffeine on Mg in quiescent cells and electri-i
cally-stimulated ventricular myocytes. The mean
w 2qxMg decreased from 0.64"0.02 to 0.47"0.05i
mM, ns7, following caffeine administration to qui-
escent cardiomyocytes. This action was fully re-
versible as the removal of caffeine resulted in a
w 2qxreturn of Mg to resting values, 0.64"0.02 mM.i
These changes were not associated with the basal
w 2qxMg of the cardiomyocyte. Caffeine resulted ini
w 2qxan increase in Ca 86"2 to 522"93 nM, ns5.i
w 2qxThere were no detectable changes in Mg withi
 .either 1.0 or 5.0 mM caffeine data not illustrated .
In electrically-stimulated cells the free Mg2q was
decreased by a similar extent as quiescent cells from
0.78"0.02 to 0.63"0.06 mM, ns5, a mean change
 . w 2qxof 0.16"0.01 mM Table 1 . Mg returned toi
normal values following removal of caffeine. Caf-
w 2qxfeine, on the other hand, increases Ca in electri-i
 .cally-stimulated from 81"1 to 622"111 nM cells.
The present studies clearly show that one may mea-
sure free Mg2q independently of changes in intra-
cellular Ca2q, even though the quantium efficiency of
the mag-fura-2 dye is greater for Ca2q than for
2q 2q w xMg , the K of Ca mag-fura-2 is 65 mM 35 .d
w 2qxAccordingly, it requires increases in Ca in thei
order of 5 mM before Ca2q interferes and displaces
Mg2q from the dyes. It is evident from many of the
w 2qxexperiments performed here that Ca , determinedi
w 2qxwith fura-2, changes independently of Mg asi
 . w 2qxmeasured with mag-fura-2 see Fig. 1 . As the Ca i
w 2qxincreased whereas Mg decreased and in ai
chronologically distinctive fashion, it is unlikely that
Ca2q is interacting with the mag-fura-2 fluorescent
dye. These studies clearly show that caffeine affects
w 2qx w 2qxMg separate to its effects on Ca . Moreover,i i
with many of the manoeuvres large changes in Ca2q
were without effect on basal Mg2q levels or Mg2q
sequestration which supports the notion of indepen-
w 2qxdent regulatory processes for maintaining Ca andi
w 2qx 2q 2qMg . If Mg is a naturally-occurring Ca an-i i i
tagonist, one may expect that systems that buffer
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Ca2q may be regulated by Mg2q. This is not evidenti
w 2qxfrom the present studies as changes in Mg werei
not associated with Ca2q levels. Further studies are
required to directly assess these interactions.
w 2qxThe decrease in Mg following caffeine couldi
be due to movement of free Mg2q from the cyto-
plasm into bound or stored nonionized magnesium
compartments or due to movement of Mg2q out of
w xthe cell across the sarcolemmal membrane 19 . First,
we tested a number of agents which are known to
alter intracellular electrolyte control. Ryanodine is an
activator of SR Ca2q release channels at low concen-
w x  . y9trations 14 . Pretreatment 200 s with 10 M
w 2qxryanodine did not alter basal Mg or levels fol-i
lowing caffeine administration either in quiescent or
 .electrically-stimulated cells Table 1 . Next, we con-
Fig. 1. Free Mg2q and Ca2q concentrations in quiescent adult rat ventricular myocytes. Caffeine, 20 mM, was added and removed where
w 2qx w 2qxindicated. Mg , panel 1A, and Ca , panel 1B, were determined by microfluorescent techniques on single cells with 0.5i i
observationsrs and 1 observationrs, respectively. The data were not averaged. Fluorescent tracings are representative of 7 different
ventricular myocytes.
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sidered that mitochondria may be involved with caf-
w 2qxfeine-induced reduction in cytosolic Mg i
w x13,16,19,22,28 . Ruthenium red, an inhibitor of
mitochondrial Ca2q uptake, had no effect on basal
w 2qx  .Mg or the effects of caffeine Table 1 . Like-i
wise, pretreatment for 200 s with TMB-8 3,4,5-tri-
 .methoxybenzoic acid 8- dethylamino octyl ester
y4 10 M or thapsigargin inhibitors of microsomal
2q . 2qCa -ATPase did not alter resting Mg levels ori
w 2qxhave significant effects on maintenance of Mg i
 .following caffeine data not shown . In all cases these
w 2qx w xagents had the expected results on Ca 42 . Thesei
Fig. 2. Free Mg2q and Ca2q concentrations in electrically-stimulated adult rat ventricular myocytes. Caffeine, 20 mM, was added and
w 2qx w 2qxremoved where indicated. Mg , panel 2A, and Ca , panel 2B, were determined by microfluorescent analysis. Cardiomyocytesi i
 .were field-stimulated with platinum electrodes at 0.5 Hz, 1–5 V 1.2 threshold and a duration of 5 ms, using an electrical stimulator.
Fluorescent tracings are representative of 5 cells.
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Table 1
w 2qxControl of Mg in caffeine-treated quiescent and electrically-stimulated cardiomyocytesi
2q .  .  . w x .  .Concn. Basal mM Pre-caffeine mM Caffeine mM D Mg mMi
) ) .  .  .Caffeine q n 20 mM 0.64"0.02 7 – y0.47"0.05 y0.17"0.01
) ) .  .  .Caffeine s n 20 mM 0.79"0.03 5 – y0.63"0.06 y0.16"0.01
y9 ) ) .  .  .Ryanodine q n 10 M 0.67"0.03 4 0.67"0.02 0.51"0.02 y0.16"0.01
y9 ) ) .  .  .Ryanodine s n 10 M 0.74"0.03 3 0.74"0.03 0.63"0.04 y0.11"0.03
y5 ) ) .  .  .Ruthenium red q n 5=10 M 0.60"0.02 3 0.61"0.02 0.46"0.02 y0.15"0.02
y5 ) ) .  .Ruthenium red s 5=10 M 0.73"0.04 3 0.71"0.02 0.52"0.03 y0.19"0.02
 .  .Values are mean"S.E., nsnumber of observations, separate preparations of cardiomyocytes q squiescent cardiomyocytes,
 .s selectricially-stimulated cardiomyocytes. Observations were determined in basal cells, following 200 s of treatment with ryanodine or
ruthenium red and then 200 s following the addition of either of these plus 20 mM caffeine. ) Significance from control values
 .P-0.05 .
results would suggest that caffeine induces a decrease
w 2qxin Mg which is independent to the actions ofi
w 2qxthese agents and maintenance of Ca .i
 .Finally, we removed extracellular bath sodium to
inhibit putative sarcolemmal NaqrMg2q exchange
w x q10,17,23,24 . Removal of external Na did not have
w 2qxany effect on resting Mg and caffeine reducedi
w 2qxMg by 0.17"0.03 mM, ns3 in caffeine-treatedi
cells bathed in sodium-free solutions NaCl replaced
.by choline chloride . The effect of caffeine on ven-
w 2qxtricular myocyte Mg was similar in the presencei
or absence of external sodium. Accordingly, if the
w 2qxdecrease in Mg with caffeine was due to effluxi
out of the ventricular myocyte it is unlikely to be due
q w xto a Na -dependent process 31 .
Our observations clearly indicate that caffeine re-
w 2qxduces Mg which may have significant effects oni
w xventricular myocyte functionrcontraction 2 . How-
ever, the present results do not identify the mecha-
nism of this reduction; it is unlikely to be related to
the release of intracellular Ca2q as various agents
w 2qx 2qwhich affect Ca were without effect on Mg .i
Romani and Scarpa have provided some evidence to
show that magnesium efflux may be important in
w xsome circumstances 36 . Further studies are required
to determine if caffeine activates these mechanisms
w xor results in other intracellular effects 21 .
4. Discussion
The major findings of this study are that free
Mg2q concentration in quiescent adult rat ventricular
w 2qxmyocytes is in the order of 0.6 mM and that Mg i
increases significantly and consistently by about 20%
in electrically-stimulated contracting cells. Further-
w 2qxmore, caffeine uniformally diminishes Mg byi
20% in both quiescent and electrically-stimulated
ventricular myocytes.
Free Mg2q concentration was 0.62"0.02 mM in
resting quiescent adult rat ventricular myocytes. This
w xvalue is similar to that reported by Hongo et al. 26
w xand Koss et al. 29 . This concentration is signifi-
cantly higher than the mean value, about 0.5 mM,
found in spontaneously contracting chick embryonic
w xcardiomyocytes 18,31,35 , smooth muscle cells
w x w x w x5,7,34,43 , liver 27 , or epithelial cells 33 using
similar fluorescent techniques. Importantly, this is the
same value as has been reported for the intact heart
w x4 .
It is of interest that these observations were not
observed in a vascular smooth muscle cell line of rat
 .thoracic aorta A10 . In the vascular smooth muscle
w 2qxcell line, caffeine did not alter Mg nor did iti
w 2qx w xinduce an increase in Ca 34 . Zhang et al. alsoi
w 2qxfailed to observe a change in Mg in humani
vascular endothelial cells treated with 10 mM caf-
w xfeine 44 . These discrepancies between ventricular
myocytes and vascular cells are not explained.
Somlyo and colleagues have advanced the notion
that calcium release from sarcoplasmic reticulum may
w xbe associated with a gain of magnesium content 38 .
Using frog skeletal muscle, Samlyo et al. reported
that the loss in sarcoplasmic reticulum calcium con-
tent during caffeine contraction and during tetanus is
associated with a gain in magnesium content. They
suggested that both mechanisms of calcium release
are associated with an increase in the calcium and
magnesium permeability of the SR membranes and
that the two ions may possibly move through a
( )H.-y. Li, G.A. QuammerBiochimica et Biophysica Acta 1355 1997 61–68 67
common channel. According to this idea, Mg2q
moves as a counterionror during Ca2q release to
w xmaintain the charge balance across the SR 41 . A
similar finding was observed across the endoplasmic
w xreticulum of the bee photoreceptor 11 . The present
data supports this notion as caffeine induced a rela-
tive increase in cytosolic Ca2q likely through calcium
release from the SR and decreases in cystolic Mg2q
concentration. The quantitative movements of the
ions as measured here are not similar but it may be
postulated that the nonionized movements are bal-
w xanced 40 . Bond and colleagues have also shown that
hormonal stimulation of rat hepatocytes may increase
w xmagnesium content 12 . The role of the mitochondria
in caffeine-induced Mg2q changes in the rat adult
cardiomyocyte is not known. Ruthenium red an in-
hibitor of mitochondrial Ca2q uptake and an inhibitor
of SR Ca2q release channels did not affect the changes
w 2qx w xobserved in Mg with caffeine 15,39 .i
In summary, treatment of adult rat ventricular
myocytes with caffeine leads to a significant and
w 2qxconsistent decrease in Mg in quiescent and elec-i
trically-stimulated heart cells. The changes in cytoso-
lic Mg2q may be in charge balance with those ob-
w 2qxserved for intracellular Ca . A number of agents
have previously been shown to decrease vascular
w 2qx w xMg such as alcohol and cocaine 3,7–9 . Thesei
agents may have important effects on cardiovascular
function through alterations in intracellular magne-
w xsium 2 . It is clear that the prudent investigator
consider the role of magnesium in caffeine-mediated
action.
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